Zoonotic pathogens constitute the major source (60.3%) of emerging infectious diseases (Jones et al., 2008) . In the last decade, 72% of zoonotic emerging infectious diseases were caused by pathogens with a wildlife origin, with an increasing trend since late 20th century (Jones et al., 2008) . In addition, urbanization and adaptation of urban exploiter species such as rats (Rattus spp.) or pigeons (Columba spp.) in urban areas have increased contact between certain wild animal species and people, potentiating the transmission of zoonotic pathogens approach is needed to prevent and control the worldwide spread. The aim of this study was to review the published research on the prevalence of STEC in wildlife. The search was performed using several online databases consisting of three blocks of specific search terms covering pathogen, type of study and population. Two reviewers applied the inclusion and exclusion criteria to screening and eligibility phases.
via faecal contamination of the environment, agri-food or water chain.
Escherichia coli is part of the normal gut flora of humans and animals and can be transmitted among different species. Although most E. coli are commensal organisms, there are a number of pathotypes which can cause a variety of illnesses in humans. The most noteworthy are enterohaemorrhagic E. coli (EHEC) which can cause severe disease in humans and are considered the most frequent cause of haemolytic-uraemic syndrome. These EHEC pathotypes are a subset of Shiga-toxigenic E. coli (STEC), also known as verocytotoxigenic E. coli (VTEC), which present Shiga toxin 1 or 2 gene (stx1 or stx2) (Croxen et al., 2013) . Despite STEC O157 with serotypes H7 or H-are the most common serogroups of EHEC, other serogroups have been associated with HUS outbreaks including, but not only, O26, O45, O103, O111, O121 and O145 (Kuehne et al., 2016) .
While ruminants are recognized as a principal reservoir for STEC, preweaning calves rarely carry STEC possibly as a consequence of their diet, their nonruminant gastrointestinal tract and the management system (Gyles, 2007) . On the contrary, ruminating postweaning calves and heifers present much higher prevalence than older cattle (Ferens & Hovde, 2011) .
Shiga-toxigenic E. coli infection in ruminants varies according
to age of the animal and status of the gastrointestinal tract (i.e., ruminating or nonruminating), as previously described, and typically has intense periods of shedding interspersed with periods of nonshedding. Some animals are known to be "super-shedders" (shedding >10 4 CFU/g faeces over long periods) and such animals are thought to be a significant contributor in the dissemination of STEC O157 into the environment and its transmissibility (Ferens & Hovde, 2011) .
As part of the International Health Regulations (IHR), countries must report to WHO any disease event that may constitute a public health emergency of international concern, and STEC outbreaks are reported following this international legal instrument (World Health Organization, 2016a) . Moreover, notifying data on cases of STEC infections in humans and STEC detected in food and food-production animals are mandatory in some regions of the world such as the European Union and European Economic Area An increasing number of STEC outbreaks, mainly but not only due to the serogroup O157, are associated with the consumption of fruits and vegetables that may result from contamination with domestic or wild animal faeces (World Health Organization, 2016b) .
For example, a large outbreak of Escherichia coli O157:H7 was reported in the United States in 2011, and the investigations identified fresh strawberries as the vehicle and deer faeces as the source of contamination (Laidler et al., 2013) .
Previous studies investigated the prevalence of STEC among urban exploiter species such as rats (Himsworth et al., 2015) or pigeons (Gargiulo et al., 2014; Kobayashi, Pohjanvirta, & Pelkonen, 2002; Murakami et al., 2014; Silva, Nicoli, Nascimento, & Diniz, 2009 ). Likewise, other wild animal species have been investigated such as deer (Asakura et al., 2017; Carrillo-Del Valle et al., 2016; Dunn, Keen, Moreland, & Alex, 2004 ) and gulls (Makino et al., 2000) . Nevertheless, more comprehensive data on the prevalence of STEC in wild animal species are needed to better assess the role that these animals have in the transmission of STEC infections in the human population and food chain. This knowledge would support decision-makers in the prioritization of public health interventions to prevent and control STEC infections in humans and to manage exposure to this pathogen from the agri-food chain (Allin, Mossialos, McKee, & Holland, 2004) .
The aim of this study was to review the published research on the prevalence of STEC in wildlife, with a particular focus on deer and gulls, which can be used to identify specific topics for targeted systematic reviews or support public health interventions to prevent/control the transmission of this pathogen to humans and the food chain.
| ME THODS
This scoping review was based on the framework outlined by Arksey and O'Malley (2005) . The following steps were followed:
definition of the research question; identification of the relevant studies; study selection; charting the data; collation, summary and reporting of the results. The additional optional step of expert consultation (Levac, Colquhoun, & O'Brien, 2010) was not performed in this review.
| Defining the research question
The following research question was investigated: "What is the prevalence of Shiga-toxigenic Escherichia coli (STEC) in wild animal species?".
Impacts
• This scoping review provides a worldwide mapping of the published research on prevalence of STEC in wild animal species.
• Ruminants and urban birds are the predominant wild animal species sampled in the studies with a median prevalence of STEC of 4.7% and 1.2%, respectively, among the total number of samples analysed.
• Only 10% of the 79 studies included for data extraction investigated the prevalence of STEC in wild animal species in conjunction with livestock and humans, which does not reflect the suggested One Health approach to tackle infectious diseases such as STEC.
| Study identification
The search was performed during June 2017 in several online databases: MEDLINE/PubMed, Scopus, Cochrane, Lilacs, SciELO and Google Scholar. In addition, references from the included studies and previous reviews were screened for additional studies.
The search strategy consisted of three blocks of specific search terms covering pathogen (e.g., "Shiga-toxigenic Escherichia coli" or "Escherichia coli O157"), type of study (e.g., "prevalence study" or "case study") and population (e.g., "wild animal" or "gull"), joined by the Boolean operator "AND." The search strategy was tailored to the specific requirements of each database (available in the Supporting information).
All citations were imported into open-source bibliographic manager zotero version 5.0.27 (Center for History & New Media, 2017) and imported into covidence systematic review software trial version (Veritas Health Innovation, 2017) . This software eliminated duplicated studies automatically for the screening and allowed an interactive and parallel screening and eligibility assessment from all reviewers. Two reviewers applied the inclusion and exclusion criteria (LE and AG) to screen titles and abstracts of the identified records. Full texts were retrieved from the selected records to apply the same inclusion and exclusion criteria for the eligibility assessment. Disagreements between the reviewers were discussed until an agreement was reached.
| Study selection

| Data extraction
Data were extracted and charted into Microsoft Excel including information on author, year of publication, country, type of study, wild animal species, type of sampling, starting year of sampling, number of samples, test method to detect STEC and number of STEC-positive samples.
Completeness on the data concerning methods, number of samples and proportion of STEC-positive samples was evaluated.
Studies with missing data or referring to other included studies were eliminated for the data analysis.
| Data analysis
Descriptive analysis of the data was performed with r version 3. For convenience reasons, wild animal species were grouped into seven categories (hereafter referred as animal categories) according to their ecology and number of studies that included these species (described below).
| RE SULTS
| Study search and selection
The flow diagram of citations is shown in Figure 1 . Two hundred and twenty-five abstracts were screened for relevance. Full text was obtained from 96 articles for eligibility assessment and 79 studies were included for data extraction (available in the Supporting information). Seven of the studies were excluded from the data analysis due to lack of specific data (n = 4), incomplete data on number of samples (n = 2) or lack of data on proportion of STEC (n = 1). Twenty studies evaluated the prevalence of STEC in different wild animal species.
| General characteristics of included studies
The general characteristics extracted from the 72 studies are summarized in Table 1 . More than 70% of the studies were published since 2000 and one quarter of those (13 studies) were published in the last three years. Countries were grouped in regions following the United Nations geo-scheme (United Nations, 1999), and the most common study location was North America (37.5% of the 72 studies) followed by Europe (36.1%), Asia (19.4%) and Central and South America (7.0%). No study from Africa or Oceania was found. Surveys were the predominant type of study (96.2% of the studies analysed).
According to ecology and frequency, wild animal species were grouped into seven categories namely ruminants, rodents, other mammals, urban birds, nonurban birds, other wild animal species or vectors and unspecified or unknown species. Table 2 shows wild animal species that were investigated in the 72 studies grouped by animal category including those in which STEC was not found. Some studies investigated more than one wild animal species and/or animal category, so the total sum of proportion is more than 100%.
Most studies (77.8%) investigated the prevalence of STEC in ruminants and urban birds, with a specific predominance of deer (41.7%) and pigeons (23.6%).
| Sampling and laboratory protocols
Convenience was the most frequent type of sampling, performed in half of the studies; and the starting year of sampling was between 1995 and 2004, both inclusive, in 56% of the studies.
PCR was the most common technique (62.5%) to detect STEC, followed by agglutination test (18.0%) and agglutination combined with other tests (9.7%) ( The number of samples varied from one study to another, ranging from 1 to 2,084 samples in total without stratifying by animal category. It also differed according to wild animal species. Figure 2 shows a boxplot of the number of samples analysed by animal category.
Rodents showed the highest variation, ranging from 7 to 1,116 samples.
| Prevalence of STEC in wild animal species
The prevalence of STEC in wild animal species was investigated in conjunction with a livestock sharing environment (38% of the 79 studies), as part of an outbreak investigation (2.5%) or solely in wild animal species (60%).
A stratified analysis by animal category on the proportion of STEC-positive samples reported in the 72 studies was performed. Furthermore, if a stratification by animal category was done in this last analysis, only ruminants ( Figure 4c ) and urban birds (Figure 4d) showed a negative and positive trend, respectively, and the rest of species appeared to have no relation among those two variables.
| D ISCUSS I ON
In this scoping review, we identified the published worldwide research on the prevalence of STEC in wild animal species and synthesized the main findings in a transparent and systematic manner. To our knowledge, this is the first comprehensive review on prevalence of STEC in different wild animal species and world regions.
Zoonotic pathogens are the major cause of infectious diseases in humans (Jones et al., 2013 (Jones et al., , 2008 Woolhouse & Gowtage-Sequeria, 2005) . Due to the nature of these microorganisms in which the human-animal-environment interface plays a relevant role on the disease's dynamics, a "One Health" approach is needed to prevent and control the worldwide spread (Rüegg et al., 2017) .
STEC and other E. coli are an example of zoonotic pathogens with an increasing concern due to emerging challenges to public health as a consequence of changes in the pathogen, such as strains expressing higher levels of certain virulence factors; population and environment (Karmali, 2017 (Engering, Hogerwerf, & Slingenbergh, 2013) . This emergence of STEC in wild animal species could potentially have an opposite spillover or "spill-back" in domestic animals (Daszak, Cunningham, & Hyatt, 2000) , creating a circle of transmission that increases the prevalence of this pathogen not only in wild animal species but also in human and other animal populations.
A recent systematic review on the global incidence of human STEC infections (Majowicz et al., 2014) shows that Eastern Mediterranean countries had the highest estimated incidence in 2012 and African countries had the lowest estimated incidence. Contrastingly, our review found that North America was the region with the highest prevalence of STEC in wild animal species and we did not uncover any studies carried out in African countries. Moreover, most of the studies were performed in North America (37.5%) or Europe (36.1%) showing the commitment of these regions to the monitoring of diseases in wild animal species.
The popularity of convenience and voluntary response sampling may be due to the lack of human-made boundaries on the wild animal species' habitat and having some samples from hunted-harvested animals (Mörner, Obendorf, Artois, & Woodford, 2002) . Despite the recommendation to combine these sampling methods with more systematic sampling methods (Nusser, Clark, Otis, & Huang, 2008) , this review found that the median prevalence stratified by sampling type were similar, concluding that a superior sampling method is not evident.
When performing convenience and voluntary response samplings, sampling size cannot be determined in advance with systematic methods. There was wide variation on the number of samples analysed in the 72 studies, ranging from 1 to 2,084 samples. When plotting the number of samples analysed and the proportion of STEC-positive samples by animal category and discarding those TA B L E 2 List of wild animal species investigated in the 72 studies, grouped by category of wild animal species; showing the quantity of studies (No.) and the proportion of the total 72 studies (%) in which each wild animal species was studied. Some of these studies investigated more than one wild animal species and/or more than one animal category, so the total does not sum up 100% F I G U R E 2 Boxplot of number of samples analysed to determine STEC prevalence in wild animal species according to animal category ("Oth. mamm" stands for "other mammals") studies with less than 30 samples analysed, a noticeable relationship was visible in ruminants and urban birds. Due to the heterogeneity of data, this tendency is not statistically significant. However, it is relevant to mention that these animal categories had the highest proportion of convenient sampling (45.5% and 47.8% of the total number of studies including ruminants and urban birds, respectively) which could explain this tendency that should not be present if there was no bias in the sampling strategy.
There was no statistically significant difference among laboratory techniques used in each study and prevalence of STEC.
However, the higher variation in the results from studies using ELISA and lower variation from those using PCR is a consequence of the higher accuracy of PCR as STEC diagnostic test in comparison with commercially available immunoassays (Pulz et al., 2003) .
Overall, the median of STEC prevalence by animal category was similar, whereas there was a noticeable difference in the variability of STEC prevalence among animal categories. This variation was significantly higher in ruminants in comparison with the other animal categories.
Ruminants were the most common wild animal species investi- Urban birds and rodents were among the animal categories with less variation in the STEC prevalence within each category. It can be explained by the fact that these animal categories are easier to be sampled possibly due to being close to anthropogenic environments (e.g., cities or farms) which allows to have higher sampling sizes and more accurate results.
Nevertheless, transmission of infectious diseases from wild animal species to humans is not always due to direct contact with the infected animal. A recent study of an STEC outbreak in eastern
England attributed causation to wild rabbit faeces from a wildlife park as the route of infection to humans and found that these rabbits were in contact with STEC-positive cattle in an adjacent field (Crook, Senior, & Senior, 2017 
| Strengths and limitations of this scoping review
There is a large number of recently published research on different aspects of STEC in livestock including studies on risk factors (Lee, Kusumoto, Iwata, Iyoda, & Akiba, 2017; Suardana, Widiasih, Nugroho, Wibowo, & Suyasa, 2017) , nationwide survey on STEC prevalence (Henry et al., 2017) , factors that increases faecal shedding in ruminants (Stenkamp-Strahm et al., 2017) and strategies for reducing the risk in animals (Saeedi et al., 2017) .
However, to our knowledge, this is the first comprehensive review on STEC prevalence in wild animal species from a global perspective.
The optional step of expert consultation was not performed because of lack of adequate resources. Nevertheless, all references from included studies were screened for additional records (n = 34), and 25 of those were included in the data extraction. Likewise, Google Scholar was included in the search strategy trying to retrieve grey literature.
| CON CLUS IONS
The scoping review methodology (Arksey & O'Malley, 2005) created a useful overview of the available research on a specific topic, in this case, STEC prevalence on wild animal species. The results from this review have allowed to pinpoint specific areas for a future systematic review (i.e., surveys on STEC prevalence in deer and/or gulls) as well as provided a solid knowledge that can be used to prioritize public health intervention towards reducing this infection in humans, animals and the food chain. Despite having strong evidence on the role of wild animal species in the transmission of STEC infections to human, other animals and within the food chain (Crook et al., 2017) , there is a gap on more comprehensive research on the "One Health" perspective of this public health challenge, for example, investigating STEC in different sources and comparing results to find routes of infection and targets for control/prevention interventions. Integrating the human-animalenvironment interface in STEC studies will allow more comprehensive and cost-effective strategies to prevent and control these challenging infections.
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